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Objective: To assess pulmonary flow dynamics and right ventricular (RV) function in patients without
significant anatomical narrowing of the pulmonary arteries late after the arterial switch operation (ASO) by
using magnetic resonance imaging (MRI).
Methods: 17 patients (mean (SD), 16.5 (3.6) years after ASO) and 17 matched healthy subjects were
included. MRI was used to assess flow across the pulmonary trunk, RV systolic and diastolic function, and RV
mass.
Results: Increased peak flow velocity (.1.5 m/s) was found across the pulmonary trunk in 14 of 17 patients.
Increased RV mass was found in ASO patients: 14.9 (3.4) vs 10.0 (2.6) g/m2 in normal subjects (p,0.01).
Delayed RV relaxation was found after ASO: mean tricuspid valve E/A peak flow velocity ratio = 1.60 (0.96)
vs 1.92 (0.61) in normal subjects (p = 0.03), and E-deceleration gradients = 21.69 (0.73) vs 22.66 (0.96)
(p,0.01). After ASO, RV mass correlated with pulmonary trunk peak flow velocity (r = 0.49, p,0.01) and
tricuspid valve E-deceleration gradients (r = 0.35, p = 0.04). RV systolic function was well preserved in
patients (ejection fraction = 53 (7)% vs 52 (8)% in normal subjects, p = 0.72).
Conclusions: Increased peak flow velocity in the pulmonary trunk was often observed late after ASO, even in
the absence of significant pulmonary artery stenosis. Haemodynamic consequences were RV hypertrophy
and RV relaxation abnormalities as early markers of disease, while systolic RV function was well preserved.

T
he arterial switch operation (ASO) has become the
standard procedure of choice for repair of transposition of
the great arteries.1–3 The ASO consists of translocation of

the pulmonary trunk and the aorta, and subsequent relocation
of the coronary arteries in the neonatal period.4 The advantages
of the ASO compared with the previous intra-atrial repair are
related to creation of the left ventricle as the systemic ventricle
and the maintenance of normal sinus node function.5–7

Supravalvar pulmonary artery stenosis is the most frequent
complication after ASO.1–7 Reduction of the cross sectional area
due to stretching of the pulmonary arteries is induced by the
Lecompte manoeuvre,5–7 while compression of the proximal
pulmonary branches may occur because of the close anatomical
relation with the aorta.1 5 7 8 As a result, supravalvar pulmonary
artery stenosis in ASO patients is associated with right
ventricular hypertrophy and dysfunction from the increased
afterload.9 These stenoses are well visualised by magnetic
resonance imaging (MRI): a fixed stenosis can easily be
recognised using spin echo or gradient echo sequences, and
increased peak flow velocity across a significant stenosis can be
detected by velocity encoded MRI.1 7 9

In patients with repaired coarctation, increased peak flow
velocities across vascular segments may also be observed,
because of scar formation at the site of anastomosis, even in the
absence of overt narrowing.10 11 Scar tissue at the site of
anastomosis may lead to decreased distensibility—thereby
increasing local peak-flow velocity—as may also be the case
in ASO patients.10 11 In addition, minor degrees of stenosis or
hypoplasia of the pulmonary vascular bed may lead to increased
flow velocities in the pulmonary trunk,1 thereby increasing the
haemodynamic burden for the right ventricle.

We hypothesised that in ASO patients without significant
pulmonary artery stenosis, increased peak flow velocities are
present in the pulmonary trunk, with a potential negative
impact on right ventricular function. In the present study we

excluded ASO patients with significant pulmonary artery
stenosis as shown by anatomical imaging.

We tested these hypotheses by studying pulmonary flow
dynamics and right ventricular function in patients without
significant anatomical narrowing of the pulmonary trunk or
pulmonary arteries late after the ASO, compared with matched
healthy subjects.

METHODS
Patient population
The local medical ethics committee approved the study, and
informed consent was obtained from all participants before
their enrolment. Twenty two ASO patients and 22 healthy
subjects were studied prospectively with MRI at our institution.
All patients were recruited from our local paediatric cardiology
database. Inclusion criteria included transposition of the great
arteries corrected by ASO (including the Lecompte manoeuvre)
in the past, current age between 10 and 20 years, willingness to
comply with the study procedures, and written informed
consent. Exclusion criteria comprised ASO using the Jatene
procedure, pulmonary stenting, general contraindications to
MRI, and pulmonary artery stenosis shown by echocardiogra-
phy, based on local tailoring of the pulmonary trunk of at least
50% or a peak systolic gradient of at least 60 mm Hg in the
pulmonary arteries, or both.

Visual inspection of the pulmonary arteries on MRI
confirmed that only ASO patients without pulmonary artery
stenosis were enrolled in the study. A vessel diameter reduction
of more than 50% gives rise to a reduction in blood volume flow

Abbreviations: A, atrial kick phase; ASO, arterial switch operation; E,
early filling phase; EDV, end diastolic volume; EF, ejection fraction; ESV,
end systolic volume; MRI, magnetic resonance imaging; PT, pulmonary
trunk; RV, right ventricular; SV, stroke volume; Vmax, maximum blood flow
velocity
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and was considered significant.12 Two patients who had a main
pulmonary artery stenosis that was visually greater than 50%
were thus excluded from further analysis. Three patients failed
to complete the MRI study because of problems with breath
holding. In all, 17 patients and 17 healthy subjects were
included for final analysis.

Age and sex matched healthy subjects were selected from our
database and comprised subjects in whom congenital cardiac
pathology had been excluded in the past by physical examina-
tion and echocardiography. Characteristics of the two groups
(table 1) and their functional status, expressed as New York
Heart Association functional class, were obtained from the
patient records.

Operation technique
Nine patients had undergone balloon atrial septostomy (that is,
the Rashkind procedure) and 11 had received prostaglandin E1
infusions before the ASO. The ASO was carried out in patients
with transposition of the great arteries (median age at
surgery = 6 days) using cardiopulmonary bypass and moderate
hypothermia. The operation included transection of the aorta
and pulmonary trunk above their roots, transplantation of the
coronary arteries into the root of the pulmonary trunk,
switching of the aorta and pulmonary trunk, and subsequent
reconstruction of the pulmonary trunk with a pericardial patch.
The Lecompte manoeuvre was undertaken in all 17 patients.8

Associated procedures during the ASO were closure of a
ventricular septal defect in five patients, closure of an atrial
septal defect in seven, and closure of the ductus arteriosus in
12. No perioperative ischaemic events were recorded.

Magnetic resonance imaging
MRI studies were done using a 1.5 Tesla system (NT 15
Gyroscan Intera, Philips Medical System, Best, the
Netherlands). Initial scout images were obtained in transverse,
coronal, and sagittal planes using a standard multislice turbo
spin echo sequence.

To visualise the pulmonary vessel anatomy a black-blood
static sequence and contrast enhanced magnetic resonance
angiography were used. Black-blood turbo spin echo imaging
using sensitivity encoding13 was acquired in the double oblique
transverse plane, axial to the pulmonary trunk, with the
following scan parameters: field of view 350 mm, repetition
time two heart beats, with actual time depending on the
individual heart rate, echo time 8.6 ms, flip angle 90 ,̊ slice gap
0.8 mm, and voxel size 1.3762.1268.00 mm.1 Contrast
enhanced magnetic resonance angiography by using
MagnevistH (0.2 mmol/kg; Schering, Berlin, Germany) was
carried out with the following scan parameters: field of view
400 mm, repetition time 5.1 ms, echo time 1.44 ms, and voxel
size 1.56 63.13 64.00 mm.

Pulmonary valve function and flow dynamics across the
pulmonary trunk were assessed using velocity encoded MRI in
the proximal pulmonary trunk.14 Scan parameters were field of
view 400 mm, repetition time 8.6 ms, echo time 5.3 ms, flip
angle 20 ,̊ and voxel size 2.34 62.61 68.00 mm. The sequence
was encoded for a through-plane velocity up to 150 cm/s.
Temporal resolution was 25.6 ms.

Systolic right ventricular function was assessed using a
prospectively ECG triggered balanced gradient echo sequence. A
short axis stack of 14 to 18 contiguous slices was used, covering
the base of the heart to the apex,14 with the following scan

Table 1 Patient and healthy subject characteristics

Characteristic Patients (n = 17) Controls (n = 17)

Male/female 13 (76%)/4 (24%) 13 (76%)/4 (24%)
Age at ASO (days)* 16 (23) –
Age at MRI (years)* 16.4 (3.2) 16.5 (3.6)
Height at MRI (cm)* 169 (13) 169 (12)
Weight at MRI (kg)* 61 (170 60 (13)
Body surface area at MRI (m2)*� 1.7 (0.3) 1.7 (0.2)
Systolic/diastolic BP at MRI (mm Hg)* 124/74 (20/18) 121/69 (12/10)
Heart rate (beats/min) 74 (16) 69 (9)

*Values are mean (SD).
�According to the Mosteller formula: ! [height (cm)6weight (kg)/3600].
ASO, arterial switch operation; BP, blood pressure; MRI, magnetic resonance imaging.

Table 2 Results in 17 ASO patients and 17 age/sex matched healthy subjects

Variable Patients Controls p Value

PT cross sectional diameter (mm) 25.6 (3.4) 29.1 (3.5) 0.01
PT Vmax (m/s) 1.88 (0.56) 0.93 (0.19) ,0.01
PT volume ratio systole1/systole2 1.16 (0.15) 1.35 (0.26) 0.01
RV EF (%) 53 (7) 52 (8) 0.84
RV SV (ml/m?2) 56 (8) 50 (13) 0.06
RV EDV (ml/m2) 108 (18) 96 (16) 0.06
RV ESV (ml/m2) 51 (14) 46 (10) 0.41
RV mass (g/m2) 14.9 (3.4) 10.0 (2.6) ,0.01
TV E/A peak flow ratio 1.60 (0.96) 1.92 (0.61) 0.03
TV mean DG of E phase (l/s2) 21.69 (0.73) 22.66 (0.96) ,0.01
TV diastasis time (ms) 19 (30) 53 (64) 0.04

Data are mean (SD).
A, atrial kick phase; ASO, arterial switch operation; DG, deceleration gradient; E, early filling phase; EDV, end diastolic
volume indexed for body surface area; EF, ejection fraction; ESV, end systolic volume indexed for body surface area; PT,
pulmonary trunk; RV, right ventricular; SV, stroke volume indexed for body surface area; TV, tricuspid valve; Vmax,
maximum velocity.
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parameters: field of view 350 mm, repetition time 3.2 ms, echo
time 1.62 ms, flip angle 70 ,̊ and voxel size 2.19 61.62 68.00
mm.

Velocity mapping across the tricuspid valve was used for
assessment of diastolic right ventricular function.14 15 Scan
parameters were: field of view 300 mm, repetition time 9.4 ms,
echo time 6 ms, flip angle 20 ,̊ and voxel size 2.34 62.61 68.00
mm. The sequence was encoded for a through-plane velocity up
to 100 cm/s. Temporal resolution was 25.6 ms.

Postprocessing
All images were quantitatively analysed on a workstation with
an IntelH PentiumH 4 processor (IntelH, Santa Clara, USA).
Contrast enhanced magnetic resonance angiography and black-
blood images of the pulmonary vessels were used to exclude
significant pulmonary artery stenoses. The gradient echo right
ventricular dataset was analysed with the software package
MASSH (MedisH, Leiden, the Netherlands).14 Flow velocity
encoded MRI data were analysed using the analytic software
package FlowH (MedisH, Leiden, the Netherlands).14 All
contours were manually drawn by two observers (both with
one year of experience), and were subsequently checked by a
radiologist (with nine years of experience), who was unaware
of the patient conditions.

Vascular contours were drawn for the pulmonary trunk to
generate flow curves throughout the cardiac cycle.16 The
presence of substantial pulmonary valve regurgitation was
assessed (.5%). Increased peak flow velocity in the pulmonary
trunk was defined as maximum blood flow velocity (Vmax)
exceeding 1.5 m/s.1 The duration of the forward flow wave
during systole across the pulmonary trunk was divided in a first
and second half, with subsequent comparison of the flow/
volume ratios (flow through first half of systole divided by flow
through second half of systole) as a marker of flow propaga-
tion.17

Right ventricular systolic function was assessed by drawing
endocardial right ventricular contours at end diastole and end
systole in all sections of the cine short axis data.16 Right
ventricular end diastolic volumes (RV EDV) and right ventri-
cular end systolic volumes (RV ESV) were obtained and
indexed for body surface area according to the Mosteller
formula: ! [height (cm) 6weight (kg)/3600]. Right ventricular
stroke volume indexed for body surface area (RV SV) was
calculated by subtracting RV ESV from RV EDV. The right
ventricular ejection fraction (RV EF) was calculated by dividing
RV SV by RV EDV. Right ventricular mass was calculated as
previously described after drawing right ventricular endocardial

and epicardial contours, with subsequent indexation for body
surface area (indicated by right ventricular mass).16

For evaluation of right ventricular diastolic function,
tricuspid valve contours were drawn throughout the cardiac
cycle.18 Flow versus time curves of the tricuspid flow were
subsequently analysed using Microsoft Excel (version 2003)19

for calculation of the following indices of diastolic right
ventricular function: early filling phase (E), atrial kick phase
(A) and E/A peak flow velocity ratios.18 Analysis of E slopes was
done by calculation of mean deceleration gradients of E.18 Times
of E, A, and diastasis were also measured.18

Statistical analysis
Statistical analysis was carried out by using SPSS for Windows
(version 12.0.1; SPSS, Chicago, Illinois, USA). All data are
expressed as mean (SD), unless stated otherwise. The Mann–
Whitney U test was used to express differences in variables
between patients and healthy subjects. Correlations between
variables are expressed using Spearman’s rank correlation
coefficient. Statistical significance was indicated by a prob-
ability (p) value of less than 0.05.

RESULTS
Patient and healthy subjects were matched for age and sex.
Subject characteristics were comparable between both groups
(table 1). All patients were in New York Heart Association
functional class 1, without drug treatment.

Pulmonary artery characteristics
Cross sectional diameters of the pulmonary trunk were slightly
smaller in the ASO patients than in the controls, with a mean
difference of 3.5 mm between the two groups (table 2). In 14 of
the 17 ASO patients (82%), the pulmonary trunk Vmax exceeded
1.5 m/s, compared with none in the healthy subject group,
indicating frequently increased peak flow velocities at the level
of the pulmonary trunk (table 2). In the ASO patients, the ratio
of pulmonary trunk forward flow volume during the first half
of systole to that in the second half was significantly smaller
than in the healthy subjects, reflecting delayed propagation of
pulmonary flow through the pulmonary trunk. Within the
patient group, a positive correlation was found between this
pulmonary trunk forward flow volume ratio and the pulmonary
trunk Vmax (r = 20.42, p = 0.02), indicating that delayed flow
propagation was associated with higher maximum flow
velocities. No substantial pulmonary regurgitation (.5%) was
present in any patient or healthy subject.

Right ventricular function
Systolic function, expressed by RV EF and RV SV, did not differ
between ASO patients and healthy subjects (table 2). Right
ventricular dimensions (RV EDV and RV ESV) were also not
different between the two groups (table 2).

Mean right ventricular mass in the ASO patient group was
significantly greater than in the healthy subjects (table 2). In
the patient group a significant correlation was found between
right ventricular mass and pulmonary trunk Vmax (r = 0.49,
p,0.01), indicating that right ventricular hypertrophy is
associated with increased peak flow velocities in the pulmonary
trunk.

A significantly reduced mean tricuspid valve E/A peak flow
velocity ratio, decreased tricuspid valve mean deceleration
gradient in the E phase, and loss of diastasis time were all
present in our ASO patient group, indicating delayed right
ventricular relaxation during diastole (table 2, fig 1). In
addition, the tricuspid valve mean deceleration gradient in
the E phase and loss of diastasis were positively correlated with
right ventricular mass (r = 0.35, p = 0.04 and r = 0.45, p,0.01,
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Figure 1 Right ventricular inflow curves across the tricuspid valve in an
ASO patient and a matched healthy subject. The biphasic inflow pattern
consists of two peaks, representing the early inflow (E) and the late atrial
kick (A). Note the decreased mean deceleration gradient after the E peak in
the ASO patient compared with the matched healthy subject.
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respectively), as would be expected because delayed relaxation
is associated with hypertrophy accompanying stiffening of the
right ventricular myocardium.

DISCUSSION
Cardiac MRI was used to assess pulmonary flow dynamics and
right ventricular function in patients late after the arterial switch
operation without significant anatomical narrowing of the
pulmonary arteries, as compared with matched healthy subjects.
This study revealed frequently increased peak flow velocities in the
pulmonary trunk, even in the absence of significant anatomical
narrowing of the pulmonary arteries. Further haemodynamic
consequences were delayed pulmonary flow propagation, right
ventricular hypertrophy, and right ventricular relaxation abnorm-
alities as early markers of disease, whereas systolic right
ventricular function remained well preserved.

Pulmonary artery characteristics
ASO patients often have increased peak flow velocities at the
level of the pulmonary trunk compared with healthy subjects.
Various reasons for this have been postulated. Reduction of
cross sectional area is induced by stretching of the pulmonary
arteries following the Lecompte manoeuvre.2 5–7 The non-spiral
configuration of the pulmonary arteries after this manoeuvre
has been reported to promote the formation of stenotic plaques
through an altered wall shear stress distribution,2 while
scarring at the anastomosis site often results in circumferential
narrowing.5–7 9 Recent reports of patients with repaired coarcta-
tion also indicate that, even in the absence of significant
stenosis at the site of anastomosis, loss of distensibility because
of stiff scar tissue is a major contributor to an increased peak
flow velocity.10 11 It is likely that local scar tissue with loss of
distensibility made a major contribution to increased peak flow
velocities in our ASO patients, in addition to possible minor
degrees of narrowing at the site of anastomosis or peripheral
pulmonary branches. In this study the pulmonary trunk was
slightly smaller in the ASO patient group than in the matched
healthy subjects. Previous studies indicated normal dimensions
of the pulmonary trunk and peripheral pulmonary branches
before the ASO, excluding a congenital deformity.5 6

Right ventricular function
In this study, systolic right ventricular function was well
preserved late after the ASO. These findings are supported by
previous reports.1 20

The right ventricular mass was significantly greater in the ASO
patients than in the healthy controls, indicating right ventricular
hypertrophy. This often occurs as a compensatory mechanism for
increased right ventricular afterload,9 21 which in this study was
reflected by increased peak flow velocities across the pulmonary
trunk. Increased right ventricular afterload was also indicated by
the delayed propagation of the systolic pulmonary flow.17

Ischaemic damage caused by coronary insufficiency has been
suggested as another explanation for compensatory right ven-
tricular hypertrophy after ASO.20 However, none of our patients
had perioperative ischaemic events according to the available
patient records, so ventricular hypertrophy from ischaemic
damage was not suspected.

Delayed right ventricular relaxation was indicated by
decreased tricuspid valve E/A peak flow velocity ratio, reduced
tricuspid valve mean deceleration gradient of the E phase, and
loss of diastasis time in our ASO patient group. In contrast to
mild to moderate degrees of isolated pulmonary stenosis, which
have little impact on right ventricular function,9 a supravalvar
increase in peak flow velocity proved to have negative
repercussions for right ventricular function in this study.
Delayed right ventricular relaxation is related to hypertrophy

accompanying stiffening of the myocardium,20 and can be seen
as an early marker of diastolic dysfunction which may precede
right ventricular systolic dysfunction.20 22 The impact of right
ventricular diastolic dysfunction is considerable, as published
reports suggest that its prognostic value is equal to impaired left
ventricular diastolic function.20 22 23 Impaired left ventricular
diastolic function is a major contributor in one third of patients
with congestive heart failure16 22 24 and causes diminished
exercise performance.24 25 Aging contributes to diastolic dys-
function by an increase in ventricular mass and a loss of elastic
myocardial properties over time.16 24 Thus impaired right
ventricular relaxation might pose a future risk for right
ventricular dysfunction in our patient group, with negative
implications for prognosis.

CONCLUSIONS
The evaluation by MRI of right ventricular function and
pulmonary flow dynamics late after the ASO revealed an
increased peak flow velocity across the pulmonary trunk, even
in the absence of significant pulmonary stenosis at the surgical
anastomosis. Further haemodynamic consequences were right
ventricular hypertrophy and right ventricular relaxation
abnormalities as early markers of disease, though systolic right
ventricular function was still well preserved.
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Strut fracture of a sirolimus-eluting stent at the ostium of the right coronary artery

A
75-year-old man implanted with a
sirolimus-eluting stent from the
ostium to the mid-portion of the

right coronary artery (RCA) was admitted
to our hospital after a prolonged episode
of chest pain. The ECG at chest pain,
showing ST depression in leads II, III,
aVF, suggested angina pectoris. Coronary

angiography showed in-stent restenosis
at the ostial lesion of the RCA (panel A)
and obscurity of the stent strut (panel B).
A 16-slice multidetector CT scan was
performed after injection of 100 ml of
non-iodinated contrast. The scan showed
the strut fracture of the sirolimus-eluting
stent at the ostium of the right coronary

artery and protrusion of the fractured
stent into the right sinus of Valsalva
(panel C).
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